Abstract: We propose a theoretical study of optimization of metal-dielectric multilayer in order to approach -1 effective refractive index for transverse magnetic waves and a wavelength in the visible. The absorption losses of metal appear to be a crucial factor that affects the effective properties of the multilayer. Taking advantage of the dispersion relation of Bloch modes, we show that the losses not only decrease the transmission of the stack, but also change the negatively refracted angle. Then, we propose that using a gain-providing semiconductor (GaN) may allow compensating for the losses in metal layers. In theory, the performances of the structure can be improved greatly when gain is involved. When considering finite thickness structures, and with appropriate thickness for the terminating layers, it is possible to obtain a high transmission of the structure. A near -1 effective index metal-dielectric stack with high transmission may pave the way to the realization of negative quasi-isotropic refraction in the visible or ultraviolet wavelength range.
Introduction
Negative refraction was early suggested by V.G. Veselago in a theoretical study of left-handed (LH) materials whose permittivity and permeability are simultaneously negative [1] . In 2000, J. Pendry has shown that in addition to producing negative refraction effect, a LH material could be used to build a perfect lens that can overcome the diffraction limit [2] . Obviously, such a result has attracted a lot of attention from scientific community.
Although nature does not provide us with such a material, at least in optical range, nowadays negative refraction has been experimentally verified in some metamaterials [3, 4] . There are also many articles reporting theoretical and experimental study of negative refraction in photonic crystals (PCs) [5] [6] [7] .
However it is still a formidable challenge to create metamaterials that have suitable properties in optical range of wavelength.
An alternative approach has been suggested: for H-polarization case a metallic layer may act as a superlens in the electrostatic limit [2] . Using such a simple structure super resolution has been confirmed by experimental results [8] [9] [10] .
Recently, several groups have reported studies of negative refraction and sub-wavelength imaging using metal-dielectric multilayers [11] [12] [13] [14] [15] [16] . In technology, one-dimensional (1D) stack are easy to fabricate and can achieve negative refraction in optical or even ultra-violet wavelength. Moreover, it has been shown that they could have better properties than a single metallic layer [11] . In practice, isotropic effective materials are highly desirable. A nearly -1 isotropic effective index for all angles of incidence near visible wavelength has been achieved using this 1D stack with proper design [16] . In Ref. [16] , we chose a structure in which the ratio of the imaginary part to the real part of the permittivity of a metal/ dielectric is relatively low to decrease the deleterious effect of losses. In this paper, we consider another way to approach nearly -1 isotropic effective index by using a gain-providing material (GaN) to compensate for the losses in metal layers.
1D stack with lossless materials
The 1D stack is schematically shown in Fig. 1 . It is composed of alternating layers of dielectric and metal with permittivities 1,2 ε and thicknesses , respectively. Both metal and dielectric are assumed nonmagnetic ( ). We suppose that the -axis is normal to each layer. A symmetric unit cell is used in the stack in order to follow the appropriate truncation leading to the optimized reflexion and transmission properties [14, 15] . 
where z K is the Bloch wave vector, For this structure, we have computed the band structure and equal frequency contours (EFCs) shown in the structure is perpendicular to the z-axis, then this position of the EFC has no effect on the refractive properties of the structure. Also note that the EFC's radius decreases when the frequency increases, this indicates that the group velocity (
) will point towards the point M and thus negative refraction is expected. We found that at
), the radius of EFC is almost equal to that of the EFC of the free space. Thus, the effective index of this stack is nearly -1 at this frequency. In order to analyze the negative refraction effect of this 1D stack, we calculated the field map when a Gaussian beam transmits a 1D structure with a finite thickness. Note that in the considered model, the Gaussian beam is limited only along one direction, thus the incident magnetic field is given by the following relation:
The incident beam is centered at k x 0 0ˆŝ in cos
, θ is the incident angle, g represents the width of the waist. In the following simulation work, we choose g=2λ.
As an example, we consider a 5-period stack (total thickness is 330 nm, with 180 nm of metal)
surrounded by free space. Figure 3 shows the time-averaged power density calculated using the transfer matrix method [18] . The Gaussian beam is incident from left with an angle of . The beam is refracted at the interface with an angle of about -. The little difference with the angle deduced from the dispersion relation (-41 ) could be attributed to the fact that, first, we consider a finite thickness stack and, also, to the finite width of the Gaussian beam and thus its non-null angular width.
In this case the transmittance is high in a wide range of incident angle (see Fig.8 , for the lossless structure, i.e. the blue curve). 
Effects of the absorption losses on the negative refraction
Taking into account realistic material parameters of metal, at the operating wavelength (λ=376 nm), the dielectric constants for silver is [19] . The dielectric layer is assumed to be lossless. We calculate the complex Bloch vector of 1D stack at λ=376 nm in Fig. 5 . In Fig 5 (a) , when losses are considered, the curve corresponding to the real component of Bloch vector (the red dashed one) is distorted compared with that in the lossless case (the blue solid one). The larger the angle of incidence (large value of k x ), the more distorted the curve. For the incident angle of 45°, the refracted angle deduced from the dispersion relation is -38.7° for the lossy structure.
In Fig. 5 (b) , for propagating waves (i.e. -1< k x /k 0 <1), the imaginary part of the Bloch wave vector is null in lossless case while nonzero in lossy case. The nontrivial absorption decreases the transmission of the structure. The time-averaged power density distribution in Fig. 6 confirms the influence of the losses. The refracted angle calculated according to the field distribution is about 37.5 −°, in accordance with the -38.7° obtained in the dispersive curve. It is also seen from Fig. 6 that the transmittance is decreased obviously. The imaging process in the lossy case is shown in Fig. 7 . Because of the decrease of the negative refraction angle and transmittance, the image is obscured. Moreover, the distance between image and object is 624 nm, deviating the twice value of the slab width. The corresponding FWHM of the image is 0.78 λ.
Choose a gain-providing semiconductor to compensate for the losses in metals
Since the absorption losses obviously influence the refraction angle and transmittance in the 1D stack, we try to use other structures containing gain-providing materials to compensate for losses and obtain a nearly isotropic -1 effective refractive index.
Recently Ramakrishna and Pendry suggested that gain-providing materials, e.g., semiconductor laser materials, stapled between the negative-index (or metal) layers of 1D stack [21] could compensate for the absorption effect and improve resolution. V. M. Shalaev and his co-authors showed that a composite material composed of silver strips and a gain-providing material can be perfectly transparent while still maintaining the negative refractive index [22] . Now we consider our stack with the dielectric medium replaced by a gain-providing medium (for example, a semiconductor laser material such as GaN or AlGaAs) to compensate for the losses in metal layers.
Using optical pumping one can make the GaN now optically amplifying in the UV region of the spectrum (λ≈376 nm) [23] , where one can find suitable parameters to realize a nearly isotropic -1 effective index structure. By adjusting the intensity of pump laser, the imaginary part of the gain-providing medium can be tuned, at the operating wavelength, for example, [23] .
The dispersion curve when gain is involved is shown in Fig.5 The time-averaged power density distribution of 5-period silver/GaN stack with loss and gain for an incident angle of 45° is given in Fig. 9 . In the field map, the refraction angle is -42.7° comparable with the refraction angle from the dispersion curve (-40.4°) and the transmittance is 0.99, nearing -43.6° and 0.98 in lossless case, respectively. Figure 10 shows the imaging process with the 5-period silver/GaN stack. Because of the gain in GaN, the performance of the imaging is greatly improved, approaching the lossless case. The corresponding distance between image and object is about 633 nm, and the FWHM is 0.64 λ.
Conclusion
We have shown that nearly isotropic -1 effective index can be achieved using metal-dielectric stack containing gain-providing material. Considering realistic material parameters, we have studied the complex band structure and shown that the absorption losses in metallic layers not only decrease the transmittance, but also change the negative refraction angle in the stack (and thus its effective optical index). Then, we have proposed to use optical gain medium in 1D stack to compensate for the metallic losses and realize a near -1 effective index. In practice, a near -1 effective index stack with high transmittance can be realized using classical film deposition fabrication technology.
